The problem of unsteady MHD flow near a stagnation point of a two-dimensional porous body with heat and mass transfer in the presence of thermal radiation and chemical reaction has been numerically investigated. Using a similarity transformation, the governing time-dependent boundary layer equations for the momentum, heat and mass transfer were reduced to a set of ordinary differential equations. This set of ordinary equations were then solved using the spectral local linearization method together with the successive relaxation method. The study made among others the observation that the local Sherwood number increases with increasing values of the unsteadiness parameter and the Schmidt number. The fluid temperature was found to be significantly reduced by increasing values of the Prandtl number and the thermal radiation parameter. The velocity profiles were found to be reduced by increasing values of the chemical reaction and the Schmidt number as well as by the magnetic parameter.
Introduction
Uniform fluid flow over bodies of various geometries has been considered by many researchers over the years due to their numerous applications in industry and engineering. Due to complexity and non-linearity of the modeling governing equations exact solutions are difficulty to obtain. To that end, many researchers have employed different analytical and numerical methods. In recent years, the study of stagnation flow has gained tremendous research interest. Stagnation flow is the fluid motion near the stagnation point. The fluid pressure, and the rates of heat and mass transfer are highest in the stagnation area. A flow can be stagnated by a solid wall or a free stagnation point or a line can exist in the interior of the fluid domain. The study of stagnation point flow was pioneered by Hiemenz in  [] . Wang [] investigated the stagnation flow toward a shrinking sheet and found that the convective heat transfer decreases with the shrinking rate due to an increase in the boundary layer thickness. Motsa et al. [] studied the Maxwell fluid for two-dimensional stagnation flow toward a shrinking sheet. Shateyi and Makinde [] investigated the steady stagnation point flow and heat transfer of an electrically conducting incompressible viscous fluid with convective boundary conditions. http://www.boundaryvalueproblems.com/content/2014/1/218
The study of heat generation or absorption in moving fluids is of great importance in problems dealing with chemical reactions and those concerned with dissociating fluids. Heat generation effects may alter the temperature distribution and consequently, the particle deposition rate in nuclear reactors, electronic chips. Chamkha and Ahmed [] studied the problem of MHD heat and mass transfer by mixed convection in the forward stagnation region of rotating sphere in the presence of heat generation and chemical reaction effects. Bararnia et al. [] investigated analytically the problem of MHD natural convectional flow of a heat generation fluid in a porous medium.
Fluid flows with chemical reaction have key importance in many processes such as drying evaporation at the surface of a water body, energy transfer in a wet cooling electric power, food processing, groves of fruit trees, etc. The molecular diffusion of species in the presence of a chemical reaction within or at the boundary layer always exists during several practical diffusive operations. Several researchers have studied flows with chemical reaction reactions. Pal and Talukdar [] presented the combined effects of Joule heating and a chemical reaction on unsteady MHD mixed convection with viscous dissipation over a vertical plate in the presence of a porous medium and thermal radiation. Hayat et al. [] examined the mass transfer effect on unsteady three-dimensional flow of a coupled stress fluid over a stretching surface with chemical reaction. Najib et al. [] investigated the stagnation point flow and mass transfer with a chemical reaction past a stretching shrinking cylinder.
Unsteady mixed convection flows do not necessarily possess similarity solutions in many practical applications. The unsteadiness and non-similarity in such flows may be due to the free stream velocity or due to the curvature of the body or due to the surface mass transfer or even possibly due to all these effects. Many investigators have confined their studies to either steady non-similar flows or to unsteady semi-similar flows because of the mathematical difficulties involved in obtaining non-similar solutions for such problems. Patil et al. [] numerically studied the combined effects of thermal radiation and Newtonian heating on unsteady mixed convection flow along a semi-infinite vertical plate. Admon et al. [] studied the behavior of unsteady free convection of a viscous and incompressible fluid in the stagnation point region of a heated three-dimensional body considering the temperature-dependent internal heat generation. Ahmad and Nazar [] investigated the unsteady MHD mixed convection boundary layer flow of a viscoelastic fluid near the stagnation point for a vertical surface. Chamkha and Ahmed [] investigated the effects of heat generation/absorption and chemical reaction on unsteady MHD flow heat and mass transfer near a stagnation point of three-dimensional porous body in the presence of a uniform magnetic field.
The effect of radiation is important in many non-isothermal situations. If the entire system involving the polymer extrusion process is placed in a thermally controlled environment, then radiation could become very important. Understanding radiation heat transfer in the system can lead to a desired product with a sought characteristic. Mahmoud [] considered the effects of variable thermal radiation on the flow and heat transfer of an electrically conducting micropolar fluid over a continuously stretching surface with varying temperature in the presence of a magnetic field. Recently, Rashidi et al. [] found the analytic solutions using the homotopy analysis method for velocity, temperature, and concentration distributions to study the steady magneto hydrodynamic fluid flow over a stretching sheet in the presence of buoyancy forces and thermal radiation. Hassan and http://www.boundaryvalueproblems.com/content/2014/1/218 Rashidi [] presented an analytical solution for three-dimensional steady flow of a condensation film on an inclined rotating disk by the optical homotopy analysis method. Basiri Parsa et al. [] applied the semi-numerical techniques known as the optimal analysis method (HAM) and the Differential Transform Method (DTM) to study the magnetohemodynamic laminar viscous flow of a conducting physiological fluid in a semi-porous channel under a transverse magnetic field. Recently Khan et al. [] studied the numerical simulation for unsteady MHD flow and heat transfer of a couple stress fluid over a rotating disk.
The present study aims to investigate the combined effects of thermal radiation, heat generation, viscous dissipation, and chemical reaction on an unsteady mixed convection flow near a stagnation point of two-dimensional porous body. The unsteadiness is induced due to the time-dependent moving plate velocity as well as by the free stream velocity. The paper seeks to compare the performance of two recently developed methods, namely the spectral local linearization method (SLLM) and the spectral relaxation method (SRM). The results generated from these two methods are also validated against the Matlab bvpc routine technique.
Mathematical formulation
We consider unsteady laminar incompressible boundary layer flow of a viscous electrically conducting fluid at a two-dimensional stagnation point with magnetic field, thermal radiation, heat generation/absorption and suction/injection effects. It is assumed that near the stagnation point the free stream temperature is constant and a uniform transverse magnetic field is applied normal to the body surface. The fluid properties are assumed to be constant and a uniform chemical reaction is taking place within the flow. Following Eswara and Nath [] , the velocity components of the inviscid flow over the two-dimensional body surface are given by
We also assume that near the stagnation point, the free stream temperature and concentration are constant. We note that for T w > T ∞ and/or C w > C ∞ the buoyancy forces, will aid the flow. On the other hand, for T w < T ∞ and/or C w < C ∞ , the resulting buoyancy force will oppose the forced flow. Under these assumptions as well as the Boussinesq approximation, and following Chamkha and Ahmed [] , the governing equations for the current study are given by
The initial and boundary conditions are
()
Similarity analysis
We assume that the velocity varies inversely as a linear function of time making it possible to transform equations ()-() into a set of self-similar equations.
Applying the dimensionless quantities
to ()-() yields the following similarity equations:
where M = σ B   /ρa is the magnetic field parameter, λ is the unsteadiness parameter,
The transformed boundary conditions () become
where 
where L and N are the linear and non-linear components, respectively, and H is a given function of η. Let w be the n-tuple consisting of independent variable z and its derivatives. If we assume that N is a function of w only, then equation () may be replaced with the linearized form
which shall be solved using the Chebyshev Spectral Collocation Method [] . We chose this method due to its ease of implementation and relatively high rate of convergence.
.. Application
Upon using the transformation p = f , equations () and () become
but equation () remains unchanged. Equation () may be written in the same form as equation () with
The corresponding linearized form () is
which upon making use of equations () and (), and simplifying becomes
Similarly, equations () and () yield
Before we solve iterative equations (), (), and () for each r = , , , . . . , we take the following preliminary steps.
where L  is sufficiently large. . The truncated problem domain [, L  ] on the η axis is mapped onto the computational domain [-, ] on the ξ axis. . The computational domain is partitioned using the Chebyshev collocation points Equations () through () are subject to the boundary conditions
respectively. Applying Chebyshev differentiation [], as done in e.g. [], transforms equations ()-() and ()-()
, by the transformation f = p with boundary condition f () = f w , to the discrete system
where
The solution of each linear system in equations ()-() is preceded by including the corresponding boundary conditions. We do this in the same manner as [] . For example, the linear system in equation () becomes
. . .
Equations () and () are modified in a similar manner, while equation () becomes
The SLLM is driven by initial approximations
which are chosen so that they satisfy boundary conditions () and (). Successive application of the SLLM generates approximations f r+ , p r+ , θ r+ , φ r+ for each r = , , , . . . .
Successive relaxation method (SRM)
Just like the SLLM, the SRM also makes use of the transformation p = f on the governing equations ()-(). Hence, we begin with the transformed equations () and (), and equation (), which is invariant under this transformation.
As done in [] and []
, we proceed in a manner similar to the Gauss-Seidel method for solving a linear system. Consequently, we replace the transformation p = f and equations (), (), and () with the iterative equations
subject to boundary condition
and boundary conditions ()-(), respectively. Just like with the SLLM, we use Chebyshev differentiation to replace equations () through () with the discrete form where
Just like with the SLLM, the following steps are done in a similar manner for the SRM:
• For each linear system in equations ()-(), include the corresponding boundary conditions. • Choose suitable initial approximations f  , p  , θ  , φ  required by the SRM to generate subsequent approximations f r+ , p r+ , θ r+ , φ r+ for each r = , , , . . . .
Results and discussion
In this section we present a comprehensive numerical parametric study is conducted and the results are reported graphically and in tabular form. Numerical simulations were carried out to obtain approximate numerical values of the quantities of engineering interest. The quantities are the surface shear stress f (), surface heat transfer θ (), and surface mass transfer φ (). In both the SLLM and the SRM numerical simulations, a finite computational value of η ∞ =  was chosen in the η direction. This was reached through numerical experimentations. This value was found to give accurate results for all the governing physical parameters and beyond the value, the results did not change within prescribed significant accuracy. The number of collocation points used in both SLLM and SRM was Nx =  in all the cases considered in this investigation. We set our tolerance level to be ε =  - which we regard to be good enough for any engineering numerical approximation. We compare the performance of the two methods against each other as well as to the bvpc method. Table  displays the results generated by the three methods. When varying the magnetic fields strength, it can be clearly observed in the table that, for the current problem, the SLLM is superior to both the SRM and the bvpc methods.
The table shows the total computational time needed to generate the results to the desired accuracy. The results displayed in these table are quite interesting. First, it can be clearly seen that the computational run for the SLLM takes far less computer time than both the SRM and the bvpc of the three methods, the bvpc is the slowest. The SLLM converges much faster than the other two methods. For some default values of the parameters, the SLLM takes a maximum of nine iterations before convergence is achieved, whereas the SRM requires as many as  iterations for the same default values. We therefore conclude that the SLLM is the best of the three methods for the current problem. To that end, all the subsequent results displayed on tabular and graphical forms were generated using the SLLM. Table  displays the effect of increasing the magnetic field strength on the surface shear stress, heat, and mass transfer on the surface. We observe in this table that the skin friction is greatly increased as the values of the magnetic parameter increases, http://www.boundaryvalueproblems.com/content/2014/1/218 Table 1 while both the heat and the mass transfer on the surface are reduced. Physically, the application of a magnetic field in the normal direction to the flow produces a drag force which tend to retard the fluid flow velocity, thus increasing the temperature and mass distribution within the fluid flow. In Table  , we display the influence of the transpiration parameter fw on the skin friction, the Nusselt number and the Sherwood number. Blowing fluid, with fw < , into the system reduces these three physical quantities whereas sucking fluid, fw > , out of the system increases the three physical quantities under consideration. Generating heat within the flow system significantly affects the heat transfer on the surface. The Nusselt number is greatly reduced as heat is generated, but the skin friction as well as the Sherwood number is increased as the heat is generated. These can easily be seen on Table . Table  displays the effect of the unsteadiness parameter λ on the shear surface stress, heat transfer on the surface and mass transfer. We consider the accelerating cases only, λ > . Increasing the unsteadiness parameter greatly increases the skin friction but reduces both the heat and the mass transfer on the surface. http://www.boundaryvalueproblems.com/content/2014/1/218 Table 5 The Table  displays the effect of temperature buoyancy parameter λ  on the skin friction, Nusselt number and Sherwood number. As expected, buoyancy has significant effect on the flow properties. The skin friction increases as the values of the buoyancy parameters are increased. Also the rate of mass transfer at the surface increases as the buoyancy parameters increase, however, the rate of heat transfer decreases with increasing values of the buoyancy parameters.
In Table  we show the influence of the Eckert number on the skin friction, and the rates of heat and mass transfer. Evidently, the rate of heat transfer is greatly reduced as the values of the Eckert number increases. Figure  displays the effect of the magnetic field strength on the velocity profiles. As expected, the velocity rapidly increases from zero toward the free stream velocity value. We also observe that within the region η < , the velocity increases as the magnetic parameter values increase. However, for η > , the velocity profiles are reduced with increasing values of the magnetic parameter. Application of a transverse magnetic field in the direction normal to the flow direction produces a http://www.boundaryvalueproblems.com/content/2014/1/218 drag-like force called the Lorentz force. This force tends to cause deceleration in the fluid motion and, therefore, the velocity profiles decrease with increasing values of the magnetic field strength field parameter.
In Figure  we display the influence of the heat generation parameter on the velocity distribution. Heating the fluid lightens the fluid particles reducing the friction within the particle interactions thereby increasing the flow velocity as can be clearly seen on Figure  .
The effect of the unsteadiness parameter on the velocity profiles is displayed in Figure  . We observe that near the wall surface, the velocity rapidly increases toward the free stream value. Stretching the sheet accelerates the flow velocity as can be observed in this figure.
In Figure  , we display the influence of the chemical reaction on the velocity profiles. Though the velocity rapidly increases from zero to the free stream value, we observe in this http://www.boundaryvalueproblems.com/content/2014/1/218 figure that in the current study, the chemical reaction parameter has very little influence on the velocity profiles. Figure  shows the effect of the temperature buoyancy parameter λ  , on the velocity profiles. Increasing the values of the buoyancy parameter leads to the increase of temperature gradient. This in turn cause the increases in the values of the velocity profiles as more forces are added with this increase in buoyancy parameters.
In Figure  , we display the effect of the Schmidt number on the velocity profiles. Increasing the values of the Schmidt numbers implies that the mass concentration becomes more dense. With all other parameters kept constant, increasing the Schmidt number reduces the flow velocity. the presence of the heat source causes great enhancement of the temperature distribution. Therefore heating the fluid flow enhances heat transfer within the fluid flow.
In Figure  , we display the influence of the Eckert number on the temperature distribution. Increasing the Eckert number allows energy to be stored in the fluid region as a result of dissipation due to viscosity and elastic deformation thus generating heat due to frictional heating. This then causes the temperature within the fluid flow to greatly increase.
In Figure  , we display the influence of the transpiration parameter on the temperature distribution. As the flow is accelerated due to the increasing values of the transpiration parameter, the temperature profiles are greatly increased.
Figure  displays the effects of the thermal buoyancy parameter on the temperature profiles. It is observed that an increase in thermal and solutal Grashof number causes a decrease in the thermal boundary layer thickness, and consequently the fluid temperature decreases due to buoyancy effect. Physically, when λ  /λ  (i.e., the buoyancy effect) increases, the convection cooling effect increases and hence the fluid flow accelerates. Therefore both the temperature and the concentration reduce. Figure  illustrates the effect of increasing the Prandtl number on the temperature profiles. It can be clearly seen on this figure that increases in Pr bring about a significant decrease in the fluid temperature. This is expected because the thermal boundary becomes thinner for larger values of the Prandtl number. Therefore, with an increase in the Prandtl number, the rate of thermal diffusion drops.
The effects of thermal radiation on the temperature profiles in the boundary layer are illustrated in Figure  . We observe in this figure that increasing thermal radiation param-http://www.boundaryvalueproblems.com/content/2014/1/218 eter produces a significant decrease in the thermal condition of the fluid flow. This can be explained by the fact that a decrease in the values of R means a decrease in the Rosseland radiation absorptivity k. Thus the divergence of the radiative heat flux decreases as k  increases the rate of radiative heat transferred from the fluid and consequently the fluid temperature decreases. Figure  shows the effect of the chemical reaction parameter on the concentration; physically, as the chemical reaction parameter increases, the concentration profiles decrease, as can be clearly observed on this figure.
In Figure  , we display the influence of the unsteadiness parameter λ in the concentration profiles. Increasing the values of this parameter enhances the solutal boundary layer, thereby increasing the concentration distribution within the fluid flow. http://www.boundaryvalueproblems.com/content/2014/1/218 Lastly, Figure  displays the effect of the Schmidt number on the concentration profiles. We observe that an increase in the Schmidt number (Sc) decreases the concentration boundary layer thickness. The Schmidt number represents the relative ease of the occurrence of the molecular momentum and the mass transfer and is very important in calculations of the binary mass transfer in multiphase flows.
Conclusion
The problem of unsteady MHD flow was studied near a stagnation point of a twodimensional porous body with heat and mass transfer, thermal radiation, and chemical reaction. The partial differential governing equations were developed and transformed http://www.boundaryvalueproblems.com/content/2014/1/218 
